Introduction
[2] Self-potential (SP) method has been widely utilized in volcanic and geothermal areas since it was successfully applied to Kilauea by Zablocki [1976] . Recently SP method was applied to volcanic areas to investigate subsurface hydrology (e.g., hydrothermal systems) [e.g., Aubert and Atangana, 1996; Zlotnicki et al., 1998; Lénat et al., 2000; Kanda and Mori, 2002; Finizola et al., 2003] and to infer temporal evolution and/or decline of hydrothermal systems associated with volcanic activity [e.g., Hashimoto and Tanaka, 1995; Ishido et al., 1997; Sasai et al., 2002] . A physical basis of these studies is the streaming potential that arises from fluid flow in a porous medium. In a microscopic view, relative motion of the fluid against the solid phase in the electrical double layer at the solid-fluid interface plays a fundamental role in the generation of streaming potential, which is proportional to the z potential that characterizes the double layer [e.g., Ishido and Mizutani, 1981] . So it is very important to know the z potential of rocks in a target field to evaluate observed SP distributions either in qualitative or quantitative manner. The z potentials of some major rocks and minerals have been reported in the literature [e.g., Ishido and Mizutani, 1981] ; the z potential usually takes a negative value for Silicate materials under typical geologic conditions.
[3] Although in situ z potential is usually assumed to be negative in many cases, it is highly desirable for quantitative interpretations to perform z measurement of actual rocks form volcanic fields (such as Jouniaux et al. [2000] ). In the present study, we measured the z potential of 32 volcanic rocks from Aso caldera, Kyushu island, Japan. We also discussed isoelectric points of each rock samples on the basis of measured chemical compositions and interpreted the terrain-related SP in Aso caldera.
Experimental Procedure
[4] The z potential is obtained from the measured streaming potential (ÁV ) by using the following relation [e.g., Ishido and Mizutani, 1981] .
where ÁP is the added pressure difference between two ends of sample plug, e and m are the absolute dielectric permittivity and liquid viscosity respectively, and s eff is the effective pore fluid conductivity including the effect of surface conductance [e.g., Jouniaux et al., 2000] (which is estimated from the measured sample resistance and the cell constant obtained by saturating the sample with 0.1 mol/L KCl solution). In the present study, the measurements were carried out by using the ''EKA'' system (manufactured by Anton Paar GmbH, Graz, Austria). The sample holder is a cylindrical glass tube of 2 cm in diameter and $5 cm in length, and equipped with a couple of Ag/AgCl electrodes. Each rock samples were grained into particles of $0.5 mm size and cleaned adequately with distilled water before they were introduced into the sample holder.
[5] It is well known that the z potential is influenced by temperature and electrolytic concentration of fluid [e.g., Ishido and Mizutani, 1981] . In the present study, the temperature of the measuring system was maintained at 30°C and the electrolytic concentration was set to be 10 À3 mol/L of KCl at the beginning of each measurement. Since the pair of electrodes had an offset of a few mV, we took a mean value of the measured potentials with alternating flow directions. Rather large pressure difference (2 -5 Â 10 4 Pa) was applied to make electrode-offset effect negligible. To obtain equilibrium z potential values, we repeated the each measurement until the readings of potential difference reached to a stable level (it took about 5 -10 hours for each sample). [7] In the first series of measurements, we did not control the pH of aqueous solution. The equilibrium z values (denoted as z* hereafter) for the 32 samples range from $À20 to +20 mV. It is noteworthy that almost half of the samples (14 of 32) show positive values. As shown in Figure 1 , locations of the samples showing positive z potential (z*) are concentrated around Mt. Takadake and Kishimadake. In particular, five samples around Takadake show the z potential over +10 mV. In contrast, rather altered samples by hydrothermal activity from Yunotani, Yoshioka, Jigoku, and Tarutama hot spring areas show negative z potentials smaller than À10 mV. Samples from the somma also show the same tendency.
Results
[8] During the each measurements the pH of aqueous solution, which was forced to flow through the sample plug repeatedly, substantially shifted from the initial value to equilibrium ones (denoted as pH* hereafter). As shown in Figure 2 , most of the samples have considerably lower pH* than the initial value of $6. Although we have not carried out detailed analysis, the substance responsible for the pH deviation is thought to be some solid minerals (such as acidic altered mineral) contained in the sample rock. (Volcanic gas or its aqueous solution adsorbed on the sample surface is also a candidate material. However, this possibility is ruled out for the following two reasons. First, there are no correlation between pH* and the proximity of the sample location to volcanic crater(s). Second, we assured the reproducibility of the measured pH* (and z*) for each sample by repeating measurements several times with sample cleaning and fluid replacement between each measurements.) The conductivity of aqueous solution did not change more than 1% of the initial value irrespective of pH shift for each measurement.
[9] In the second series of measurements, we controlled pH at $4, 7, and 10 by using HCl and NaOH solutions. Typical examples of pH dependency of z* are shown in Figure 3 . The isoelectric point (IEP), pH value at which z* is zero, is obtained as the pH where a cubic curve fitted to the data points crosses the z potential = 0 line. Although this behavior is ordinary, z* is flat over wide range of pH near the IEP for some samples (such as sample B in Figure 3 ). This is qualitatively understood as an intermediate behavior of a mixture of low and high IEP materials. As shown in Fugure 4, the IEP of the present samples ranges from $2 to 9 and there seen a strong correlation between z* and IEP.
Cause of Positive Z Potentials
[10] The z potential changes with pH and becomes positive for lower pH values than IEP (as shown in Figure 3 ). This leads us to an idea that positive z* is caused by low pH*. However, as seen in Figure 2 , z* scatters substantially against pH* (although there is a weak negative-correlation between them). So, shift of pH* to lower values observed for a number of present samples cannot be a major cause of positive z*. [11] As mentioned above (Figure 4) , the correlation between z* and IEP is quite strong compared to that between z* and pH*, and z* becomes positive for larger IEP than $6. Since the IEP is an intrinsic property of solid phase and known to be larger than $9 for materials such as a-Al 2 O 3 (IEP = 9.1 to 9.2), Fe(OH) 2 (IEP = 12.0), Mg(OH) 2 (IEP = 12.4) and Mn(OH) 2 (IEP = 12.0) in contrast to low value of $2 for SiO 2 [Parks, 1965] , the observed high IEP values and resulting positive z* are expected to be due to relative abundance of elements having the high IEP.
[12] We plot the IEP versus weight percentage of each element in rock samples obtained from X-ray fluorescence (XRF) measurements in Figure 5 . We can here classify the major elements into three groups. While the elements in the left side of Figure 5 [13] The correlations shown in each plot of Figure 5 can be divided into two groups: groups G1 and G2 having the higher and lower IEP values respectively for a similar element ratio. The IEP of G1 and G2 are $7 and $4 respectively for 50 wt% of SiO 2 . The value of G2 ($4) is comparable to those obtained for enstatite and anortheite (SiO 2 content of these minerals is $50 wt%) [Ishido and Mizutani, 1981] . However, the IEP of group G1 is significantly higher than these values: we need further study including identification of constituent minerals to clarify the cause of the high IEP values.
Positive Correlation Between SP and Altitude
[14] Hase et al. [2003, submitted to J. Volcano. Geotherm. Res.] conducted SP surveys on the central cones of Aso volcano and revealed (a) an extensive anomaly centered on Nakadake crater (c.a. +800 mV over 5 km in horizontal distance), (b) a local positive anomaly on Mt. Takadake (c.a. +350 mV over 2.5 km) and (c) other local anomalies such as associated with hot springs. Among these anomalies of positive polarity, the anomaly (b) shows a strong correlation to topographic altitude as shown in Figure 6 .
[15] Self-potential profile often has a negative correlation to topographic elevation. This feature is typically obvious in a mountainous area and on the flanks of volcanoes, and sometimes called a ''topographic effect'' on SP. This topographic effect is also observed on the franks of Aso volcano by the above-mentioned survey and widely believed to arise from the streaming potential due to the potential flow of groundwater from higher to lower elevations [e.g., Ishido, 1989; Aubert and Atangana, 1996] . Here, it should be noted that this effect is essentially dependent on the magnitude and polarity of the z potential. Fluid flow carries positive charges through electrokinetic coupling if the z potential is negative as shown by most of the laboratory measurements. It is why the positive SP anomalies versus altitude in the central part of volcanoes (the summits) are usually interpreted as upward flows of hydrothermal fluids.
[16] However, if the polarity of the z potential is reversed, the consequence will be totally different. In the present experiments, some volcanic rocks with SiO 2 content of $50 wt% are shown to have significantly high IEP values and positive z potentials. Since SiO 2 content of 50 wt% is quite common for volcanic rocks, these results should be taken into account, assuming pH in the field about 4.5-5.5. Then the interpretation of the positive SP anomalies versus altitude is that fluid flow has to be assumed still downward, even in the central part of the volcanoes, meaning no convection of the hydrothermal system. Considering no surface manifestation of hydrothermal activity such as fumaroles around Mt. Takadake (which has a dormant period of more than 6,300 years), the anomaly (b) mentioned above is more likely to be a result of this interpretation.
